. 74:7496-7507, 2000). It was proposed that these cells represent antiviral "standby" memory cells whose functional role might be to help prevent reactivation of latent virus.
In human cytomegalovirus (hCMV) infection after bone marrow transplantation (BMT), recovery from CMV disease correlates with efficient reconstitution of CD8 T cells (50) . Preemptive cytoimmunotherapy by adoptive transfer of hCMVspecific CD8 T-cell clones was found to be beneficial in that it reduced the incidence of CMV disease in BMT recipients (51, 56) . Proof of principle for the protective effect of antiviral CD8 T cells was provided by the model of murine CMV (mCMV) infection of BALB/c mice subjected to hematoablative treatment. Early experiments performed in the absence of BMT documented an antiviral and protective function of adoptively transferred mCMV-specific CD8 T cells in the lungs as well as in other target organs of the disease (44, 46, 48 ; for a review, see reference 23). More recently, the course of mCMV infection was analyzed in the specific context of hematolymphopoietic reconstitution after either syngeneic BMT (18, 38, 39) or BMT performed across a single major histocompatibility complex (MHC) class I antigen disparity (1) . Prevention of a disseminated and fulminant interstitial CMV pneumonia by the antiviral function of endogenously reconstituted CD8 T cells was inferred from the following observations: (i) CD8 T cells rather than CD4 T cells were recruited to infected lungs much more efficiently than to uninfected lungs (18) ; (ii) lung-infiltrating, blastoid CD62L lo CD8 T cells were not randomly distributed in lung tissue but were found to colocalize with infected lung cells in inflammatory foci, thereby secluding the infected cells from health tissue (18, 38) ; (iii) when isolated from the infiltrates, these activated CD8 T cells exerted ex vivo cytolytic activity against infected target cells (18) and secreted gamma interferon (IFN-␥) upon polyclonal triggering via CD3ε (38) ; (iv) the kinetics of infiltration correlated with resolution of the productive infection of the lungs (1, 18, 38) ; (v) selective in vivo depletion of reconstituting CD8 T cells, but not of CD4 T cells, resulted in a fulminant lung infection associated with severe histopathology (38, 39) ; and (vi) pulmonary CD8 T cells, but not CD4 T cells, protected against lethal infection of indicator recipients upon cell transfer (1, 38) .
In a recent report we operationally defined two phases of lung histopathology during a nonlethal, controlled mCMV infection of the lungs after syngeneic BMT: phase 1, characterized by focal pulmonary infiltrates confining productive infection; and phase 2, characterized by persistence of interstitial T cells after resolution of productive infection (38) . These phase 2 pulmonary T cells were no longer organized in foci but were found to be distributed evenly in lung tissue. Unlike the blastoid phase 1 T cells, most phase 2 T cells were resting according to morphological criteria. However, expression of the Tcell activation marker CD62L, a member of the selectin family that is rapidly shed from the cell surface upon cell activation (for a review, see reference 55), revealed the presence of CD62L hi and CD62L lo subsets of tissue-resident CD8 T cells in phase 2 lungs (38) , supposed to represent quiescent memory cells and sensitized memory-effector cells, respectively (3, 34) .
Resolution of productive infection of the lungs is not accompanied by clearance of the viral genome. The lungs are a site at which mCMV latency is established with a particularly high tissue load of the latent viral genome and an accordingly high risk of viral transcriptional reactivation and virus recurrence after secondary immunoablative treatment (6, 43, 53) . A role for CD8 T cells in the prevention of recurrent infection was inferred from the finding that their selective depletion increases the incidence of recurrence (40) . Several previous reports have dealt with pulmonary mCMV latency, reactivation, and recurrence in the specific model of syngeneic experimental BMT (27) (28) (29) 53) . In accordance with the focal character of acute pulmonary infection (18, 38) , reactivation and recurrence were found to be focal too (27, 28) . Notably, the latent viral genome was not transcriptionally silent. While ie3 transcripts specifying immediate-early (IE)-phase protein IE3, the essential transactivator of early (E) gene expression (2, 32) , were absent in latently infected lungs, generation of ie1 transcripts occurred randomly, with a frequency of ca. 10 events per lung at any moment during latency (27, 28 This study documents a pronounced and preferential enrichment of IE1 peptide-specific CD8 T cells in the CD62L lo memory-effector subset of tissue-resident CD8 T cells during mCMV latency in the lungs. This finding supports the hypothesis of immune surveillance of viral latency by "standby" memory-effector CD8 T cells.
MATERIALS AND METHODS
BMT and concurrent mCMV infection. Animal experiments were approved by the Ethics Commission, permission no. 177-07/991-35, according to German federal law. Donors and recipients of a syngeneic experimental BMT were 8-week-old, female BALB/c (haplotype H-2 d ) mice. Hematoablation was performed by total-body ␥ irradiation of the recipients with a single dose of 6.5 Gy delivered by a 137 Cs ␥-ray source. About 6 h after irradiation, hematopoietic reconstitution was accomplished by intravenous infusion of 5 ϫ 10 6 tibial and femoral donor bone marrow cells, isolated and depleted of contaminating intravascular CD8 T cells as described previously (1) . About 2 h after BMT, recipients were infected subcutaneously in the left hind footpad with 10 5 PFU of purified, cell culture-propagated mCMV, strain Smith ATCC VR-194/1981 (29) . A control group of recipients was left uninfected. Under the specific conditions chosen for BMT, almost all uninfected as well as infected recipients survived owing to an efficient endogenous reconstitution of hematopoietic cell lineages, including CD8 T cells, which resolve the acute infection (18, 38, 39) .
Isolation and immunomagnetic enrichment of pulmonary CD8 T cells. Mononuclear leukocytes were isolated from lung tissue as described previously (17, 18) by collagenase-DNase digestion of lung parenchyma followed by Ficoll density gradient centrifugation. Analyses were performed with cells pooled from 10 to 30 mice per group, depending on cell yield from the lungs and cell need for subsequent purification procedures and assays. Specifically, the relative numbers of pulmonary T cells were ca. 1:10:25 in uninfected BMT controls and in phase 2 (3 months) and phase 1 (4 weeks) infected groups, respectively (38) . Cells were used with no further physical purification for cytofluorometric analyses of cell surface marker expression (see below). In the case of enzyme-linked immunospot (ELISPOT) assays (see below), cells were subjected to positive immunomagnetic (magnetically activated cell sorter [MACS]) sorting (MidiMACS separation unit; Miltenyi Biotec Systems, Bergisch-Gladbach, Germany) for purification of CD8 T cells (anti-CD8a MicroBeads; rat immunoglobulin G2a [IgG2a], clone 53-6.7; catalog no. 494-01; Miltenyi Biotec) as described in more detail previously (1) and essentially as suggested by the supplier. The purity of the population was found to be Ͼ95% when determined by cytofluorometric reanalysis with phycoerythrin (PE)-Cy5-conjugated anti-CD8a monoclonal antibody (MAb) (clone 53-6.7; catalog no. 01048A; PharMingen, San Diego, Calif.).
Consecutive two-marker immunomagnetic cell sorting. Pulmonary infiltrate cells retrieved from the Ficoll interphase were incubated at 4°C for 5 min in blocking solution (1) ϩ column was performed as outlined above except that both the CD62L lo/neg (eluate under magnetic field) and the CD62L hi fraction (eluate after disconnection of magnetic field) were recovered. All steps in the purification and separation were controlled by two-color cytofluorometric analysis of a cell aliquot (see below).
Multicolor cytofluorometric analyses. Cytofluorometric analyses were performed with a FACSort (Becton Dickinson, San Jose, Calif.) by using CellQuest software (Becton Dickinson) for data processing. All procedures were performed essentially as described previously (1, 18) . Thresholds were set in the forwardversus-side scatter (FSC-vs-SSC) plot to exclude particles of the size of erythrocytes or smaller during data acquisition. For calculations, a lymphocyte gate was set in the FSC-vs-SSC plot to largely exclude macrophages and residual granulocytes from the analysis. Throughout, fluorescence channel 1 (FL-1) represents the fluorochrome fluorescein, FL-2 represents the fluorochrome PE, and FL-3 represents either the tandem fluorochrome PE-Cy5 (also known as Cy-Chrome) or the tandem fluorochrome PE-Texas red (also known as RED613 or duochrome). Quadrants in the two-dimensional dot plots were defined by labeling with appropriately conjugated isotype control antibodies.
(i) Quantitation of ␣/␤ T cells in pulmonary infiltrates. Pulmonary infiltrate cells retrieved from the Ficoll interphase were labeled with PE-conjugated anti-T-cell receptor (TCR) ␣/␤ MAb (clone H57-597, hamster IgG; catalog no. 01305A; PharMingen) and FITC-conjugated anti-CD3ε MAb (clone 145-2C11, hamster IgG; catalog no. 01084A; PharMingen). Absolute numbers of ␣/␤ T cells in the lungs were estimated by immunohistological quantitation of CD3ε-positive cells (38) in combination with cytofluorometric determination of the proportion of TCR ␣/␤-expressing T cells among the CD3ε-expressing cells, which include also ␥/␦ T cells (17) .
(ii) Determination of CD8/CD4 subset ratios among ␣/␤ T cells. Pulmonary infiltrate cells retrieved from the Ficoll interphase were labeled with FITCconjugated anti-CD8 MAb (see above), PE-conjugated anti-TCR ␣/␤ MAb (see above), and RED613-conjugated MAb anti-CD4 (clone H129.19, rat IgG2a; catalog no. 19862-028; Gibco BRL, Eggenstein, Germany). The analysis was restricted to ␣/␤ T cells by setting an electronic gate on signals with positive FL-2.
(iii) CD62L activation phenotyping of CD8 T cells. For reanalysis after twomarker immunomagnetic cell sorting (see above), CD8 T cells (still carrying FITC-conjugated anti-CD8a) were additionally labeled with PE-conjugated MAb anti-CD62L (clone MEL-14; catalog no. 01265B; PharMingen).
IFN-␥-based ELISPOT assays. Principles of the ELISPOT assay and all details of the procedure have been described previously (33, 54) , with modifications described in reference 19. Effector cells were either BALB/c-derived CD8-positive cytolytic T cells (CTL) from a long-term IE1 (peptide YPHFMPTNL)-specific line (18, 19) or immunomagnetically sorted CD8 T cells derived from lung tissue. Effector cells were tested in graded numbers. Unless stated otherwise, effector cell titration was performed in log 10 steps beginning with 10 4 cells. Target cells were P815 mastocytoma cells (H-2 d haplotype) stably transfected with human B7-1 cDNA (4), referred to as P815-B7 cells (used with the kind permission of L. L. Lanier, DNAX, Palo Alto, Calif.). The number of target cells was kept constant and was 10 5 per assay culture. Since the highest number of effector cells was 10 4 per culture, the effector-to-target cell ratio never exceeded 0.1, so that sterical access to target cells was not a limiting factor in the stimulation of the effector cells.
(i) Peptide-specific ELISPOT assay. The assay was used to quantitate CD8 T cells specific for antigenic peptides presented by MHC class I molecules and functionally capable of responding with the synthesis of IFN-␥. Peptide-presenting target cells were P815-B7 pulsed for 2 h at 37°C with a saturating concentration of synthetic peptides, which was 10 Ϫ8 M in the case of the mCMV nonapeptides IE1 (amino acids [aa] (52, 57) . It should be noted that use of higher peptide concentrations did not change the results. Excess peptide was washed out before use of the pulsed P815-B7 cells as target cells in the assay. Custom peptide synthesis in 1-mg scale and a purity of Ͼ75% was performed by JERINI Bio Tools GmbH (Berlin, Germany). Peptides were dissolved in 30% (vol/vol) acetonitrile in phosphate-buffered saline at a concentration of 10 Ϫ3 M. Further dilutions were performed in culture medium.
(ii) CD3-redirected ELISPOT assay. A modification of the ELISPOT assay was used to quantitate the overall number of effector cells functionally capable of responding with the synthesis of IFN-␥ after engagement of the TCR-CD3 complex by anti-CD3ε MAb bound to P815-B7 cells via Fc receptor. Specifically, 5 ϫ 10 5 P815-B7 cells were incubated for 20 min at 20°C in 0.1 ml of culture medium containing 3 to 4 g of anti-murine CD3ε MAb (clone 145-2C11; catalog no. 530-14; Dianova, Hamburg, Germany), depending on the batch of antibody. Excess antibody was washed out before use of the CD3ε-armed P815-B7 cells as target cells in the ELISPOT assays. It is important to note that higher doses of anti-CD3ε MAb during labeling of the P815-B7 cells did not result in higher numbers of responding effector cells in the assay. Spots, representing individual IFN-␥-secreting cells, were counted under a zoom stereomicroscope (model SZX12; Olympus), and photodocumentation of the ELISPOT microwell membranes was made with a 3-by 12-bit CV12 digital camera using SIS analySIS 3.0 Doku Soft software (Soft Imaging System GmbH, Münster, Germany) and Adobe Photoshop 4.0.
RESULTS

Establishment of a CD3-redirected ELISPOT assay for quantitation of IFN-␥-secreting CD8 effector T cells.
To evaluate the quantitative significance of a particular MHC class I-presented antigenic peptide in the CD8 T-cell response, it is useful to relate the number of peptide-specific CD8 effector T cells to the total number of CD8 effector T cells in a polyclonal and polyspecific population. For cytolytic effector function, the CD3ε-redirected cytolysis assay can be used to estimate the overall cytolytic potential of an effector cell population independent of the peptide specificities of the TCRs by polyclonal signaling via the CD3ε molecule of the TCR-CD3 complex (24) . This is accomplished by anti-CD3ε antibodies bound via 176 of mCMV (IE1-CTLL), we have previously shown that peptide-specific cytolytic activity equals the CD3ε-redirected cytolytic activity, whereas there was a great difference between the two assays in case of polyspecific CD8 T cells (18) . Quantitation of effector cells in ex vivo lymphocyte populations is difficult to achieve on the basis of target cell lysis. Here we have used the principle of CD3ε-mediated triggering of effector cell function to establish an ELISPOT assay for the single-cell visualization and quantitation of effector T cells capable of IFN-␥ secretion irrespective of TCR specificity. The validity of the assay was evaluated with IE1-CTLL (Fig. 1) . In case of a monospecific CTLL, presentation of the respective peptide by MHC class I on the target cells and triggering of the TCR-CD3 complex by anti-CD3ε should ideally give the same effector cell numbers. Representative filters are shown in Fig. 1A for 50 and 100 IE1-CTL seeded in the ELISPOT cultures, and data for three independent cultures are compiled in Fig. 1B . Absence of background indicates that IE1-CTL did not spontaneously secrete IFN-␥. Spots generated after stimulation with L d -presented IE1 peptide 168 YPH FMPTNL 176 were smaller than those generated by stimulation with anti-CD3ε, which reflects a quantitative difference in the amount of released IFN-␥. While the seeded cells were all found to be viable, the response rate was reproducibly lower than 100% (ca. 50% in the example shown [ Fig. 1B] ). Most importantly, the number of spots and thus the number of functionally competent effector cells were identical in the two types of assay. We infer from this result that even in a CTLL growing in cell culture, individual cells are not permanently in a permissive state for triggering of their effector function. In conclusion, all functionally competent cells of the line, and not just the 50% that responded in the assays, were actually specific for the IE1 peptide. This conclusion entails a very important consequence: frequencies of peptide-specific effector cells measured in ELISPOT assays usually relate to the total number of CD8 T cells present in the tested population instead of to the number of functionally competent CD8 T cells. This means of quantitation is prone to lead to an underestimation of the prevalence of effector cells specific for a particular peptide.
The assays documented here for an IE1-specific CTLL were also performed with essentially the same results (not shown) for the previously described CTLL specific for the D d -restricted peptide 243 YGPSLYRRF 251 , which is derived from the E-phase protein m04 (gp34) of mCMV (19) . This finding ensured that differences in effector cell frequencies determined for pulmonary CD8 T-cell populations (see below) were not skewed by the assay conditions. Subset composition of interstitial T cells in different phases of mCMV pneumonia. In a preceding report, we defined two phases in the murine model of CMV pneumonia after syngeneic BMT (38) . Phase 1 represents the peak of T-cell infiltration during acute, productive infection of the lungs and is histologically characterized by inflammatory foci consisting of infected lung cells and blastoid CD8 T cells which confine and finally resolve the productive infection. Phase 2 represents the situation after resolution of the productive infection and is histologically characterized by the persistence of disseminated interstitial T cells in absence of viral replication. From earlier work in the very same experimental model, it is known that phase 2 lungs remain latently infected (27, 29) and that immunoablative treatment induces reactivation of the productive cycle and virus recurrence (28) . The influence of mCMV infection on the composition of the pulmonary T-cell pool is shown for phase 1 by cytofluorometric phenotyping of lung infiltrate cells from uninfected and infected BMT recipients ( Fig. 2A and B) , and the difference between acute and latent infection of the lungs is shown by phenotyping of phase 1 and phase 2 infiltrates (Fig. 2B and C) . In accordance with previous work (1, 18, 38) , mCMV infection caused a fulminant recruitment of CD8 T cells to the lungs. Most CD3ε-expressing cells in the phase 1 infiltrates in infected lungs (Fig. 2B, left) were TCR ␣/␤ T cells, but a notable subset did not express TCR ␣/␤. These cells were previously identified as TCR ␥/␦ T cells (17) , but their role in mCMV infection is still undetermined. After resolution of the acute infection, the proportion of T cells among the infiltrate cells declined, but the proportion of CD8 T cells among the ␣/␤ T cells remained elevated. We have previously shown by quantitative immunohistology that T-cell infiltrates persist in the lungs for the life span of the infected BMT recipients (38) . In conclusion, CD8 T cells are preferentially recruited to acutely infected lungs, and elevated numbers of CD8 T cells persist in lung tissue during latent infection.
Frequency and peptide specificity of interstitial pulmonary CD8 effector T cells. Antiviral effector function of immunomagnetically purified phase 1 and phase 2 pulmonary CD8 T cells was documented recently by means of preemptive adoptive cell transfer in lethally infected, hematoablated indicator recipients (38) . Notably, the protective antiviral efficacy was found to be somewhat higher with phase 2 CD8 T cells, suggesting that the frequency of virus-specific effector cells might be higher in a phase 2-derived cell pool. Here we have focused on effector cells defined by target cell-induced secretion of IFN-␥. The CD3ε-redirected ELISPOT assay was used to measure the overall frequency of IFN-␥-secreting effector cells in immunomagnetically purified pools of polyclonal CD8 T cells derived directly from pulmonary infiltrates. This number was related to the numbers of peptide-specific CD8 effector T cells measured by the conventional IFN-␥-based ELISPOT assay (Fig. 3) (20) . Interest in M84-p65 resulted from the findings that it protects against mCMV (36) and possesses significant amino acid homology to hCMV UL83-encoded pp65 (9, 35), which is considered immunodominant in hCMV (7, 31, 59 ; for a review, see reference 42). In addition, we used an unpublished nonapeptide derived from mCMV protein M83 (gene M83; pp105) and presented by L d (M. J. Reddehase and R. Holtappels, presented at the 25th International Herpesvirus Workshop, Portland, Oreg., 20 July to 4 August 2000). Gene M83 of mCMV is the positional homolog of hCMV UL83, and its expression product M83-pp105 shows amino acid homology to hCMV UL83-pp65. It resembles its hCMV homolog by virtue of its late expression kinetics, phosphorylation, and virion association (9, 35) . For verification of mCMV specificity of responses, we used peptide 118 RPQASGVYM 126 , which is derived from the NP of LCMV and is presented by L d (52, 57) . Finally, the assay baseline defined by the number of cells that spontaneously secrete IFN-␥ was determined by omission of stimulating peptide.
(i) Frequency of pulmonary effector cells after BMT in absence of mCMV infection. CD8 T cells reconstituted after BMT may potentially be primed by numerous antigens intrinsic to the recipient and unrelated to mCMV. These effector cells were quantitated in phase 1 (that is, 4 weeks after BMT) in uninfected BMT recipients (Fig. 3A ). There were indeed effector cells detected by the antigen-independent CD3ε-redirected ELISPOT assay in a frequency of 30 to 60 per 10 4 CD8 T cells, that is, 0.3 to 0.6% (range with a median of 0.5%) of all CD8 T cells in the pulmonary infiltrates. To evaluate the biological significance of this background activity, we wished to obtain an estimate of the absolute numbers (Table 1) . We have documented previously first by histological image (18) and later by quantitative immunohistology (38) that infiltration of the lungs is minute in uninfected BMT recipients. The absolute number of immunohistologically detected CD3ε-expressing T cells was ca. 3.2 ϫ 10 5 per lung at 4 weeks after BMT in absence of infection (not shown). Based on the proportion of CD8 T cells ( Fig. 2A) and the frequency determined in the CD3ε-redirected ELISPOT assay (see above), the absolute number of IFN-␥-defined effector cells was only ca. 200 cells per lung. As revealed by the ELISPOT control cultures with target cells that did not present a defined peptide or that presented a peptide unrelated to mCMV (here LCMV NP aa 118 to 126), the baseline of the ELISPOT assay was found to be in the range of zero to seven spots per 10 4 CD8 T cells. Operationally, we would define 10 spots, which corresponds to a frequency of 0.1%, as the significance limit. As one would predict for uninfected recipients, frequencies of effector cells specific for any of the four tested mCMV-derived peptides did not exceed the significance limit.
(ii) Frequency and specificity of pulmonary effector cells during acute infection of the lungs. In phase 1 infiltrates of infected BMT recipients, the relative frequency of pulmonary effector cells defined by the CD3ε-redirected ELISPOT assay was ca. 10-fold higher than in uninfected BMT recipients ( Fig.  3B compared with 3A) , that is, ca. 400 cells (median) per 10 4 CD8 T cells or 4% of all CD8 T cells in the infiltrates. Again, it is instructive to consider absolute numbers ( Table 1) . As determined by quantitative immunohistology using the method described in our previous report (38) , the number of CD3ε-expressing T cells was ca. 8 ϫ 10
6 per lung at 4 weeks after BMT in presence of infection. Based on the proportion of CD8 T cells (Fig. 2B ) and the relative frequency determined in the CD3ε-redirected ELISPOT assay (see above), the absolute number of IFN-␥-defined effector cells was ca. 1.8 ϫ 10 5 cells per lung, or about 900-fold more than at the same time in the kinetics after BMT with no infection. Effector cells specific for the IE1 peptide were present in phase 1 infiltrates in a lower but clearly significant frequency, 50 to 80 (range, with a median of 60) per 10 4 CD8 T cells, that is, ca. 0.6% (median) or in absolute terms ca. 30,000 IE1-specific effector cells per lung. Notably, while the two E-phase peptides m04 and M84 were not recognized by a significant number of effector cells, the M83 virion protein-derived peptide was recognized by 20 to 40 (range, with a median of 24) cells per 10 4 CD8 T cells, which is ca. 12,000 M83-specific effector cells per lung (Table 1) .
(iii) Increased frequency of memory-effector cells during latent infection of the lungs. In phase 2 infiltrates during latent mCMV infection, the frequency of pulmonary effector cells defined by the CD3ε-redirected ELISPOT assay was ca. 2.5-fold higher than in phase 1 infiltrates (Fig. 3C compared with  3B) , that is, ca. 1,000 cells (median) per 10 4 CD8 T cells or 10% of all tissue-resident, interstitial CD8 T cells. Absolute numbers demonstrate that this frequency reflects only a relative increase (Table 1) . In phase 2, specifically after 3 months, the number of immunohistologically detected CD3ε-expressing T cells had declined to ca. 3 ϫ 10 6 per lung. Taking further into account the decreased proportion of CD8 T cells (recall Fig. 2C ), the absolute number of IFN-␥-defined effector cells was ca. 1.2 ϫ 10 5 cells per lung, as opposed to ca. 1.8 ϫ 10 5 in phase 1 (see above). Notably, the increase in relative frequency was far more pronounced for IE1-specific memory-effector cells: to 500 cells (median) per 10 4 CD8 T cells, that is, from 0.6 to 5% of all CD8 T cells. In absolute terms, this is 60,000 IE1-specific memory-effector cells per lung, as opposed to only 30,000 in phase 1 ( Table 1 ). The frequency of CD8 T cells specific for the E-phase peptides m04 and M84 remained very low and was barely significant. Most importantly, the relative frequency of M83-specific effector cells did not increase between acute and latent infection, and in absolute terms the number of these cells even decreased to ca. 3,000 (Table 1 ). This finding documents that the enrichment observed for effector cells in total, and for IE1-specific effector cells in par- (Fig. 2) . The minor population of ␥/␦ T cells contained in the CD3ε-positive T-cell population is negligible.
c Calculated from the absolute numbers of CD8 T cells (see footnote b) and the percentage of CD8 T cells (median values) that were reactive in the IFN-␥-based CD3ε-redirected ELISPOT assay or in the IFN-␥-based IE1 or M83 peptide-specific ELISPOT assay (Fig. 3) , as indicated. DL, detection limit of the ELISPOT assay, defined by a frequency of Ͻ0.1%. ticular, does not apply to every mCMV specificity. In conclusion, of the specificities that were available for testing, only IE1-specific memory-effector cells were found to be enriched in phase 2 pulmonary infiltrates in terms of relative frequency as well as in terms of absolute numbers.
IE1-specific effector cells are enriched in a CD62L lo subset of phase 2 CD8 T cells. CD62L (also known as L-selectin, Ly-22, and MEL-14 antigen) is a member of the selectin family and contributes to the recruitment of leukocytes into areas of inflammation (for a review, see reference 55). Upon stimulation of lymphocytes via the TCR-CD3 complex, CD62L is rapidly shed from the cell surface by proteolytic cleavage. Resting memory cells among tissue-resident pulmonary CD8 T cells should therefore express CD62L, whereas restimulated memory-effector cells should accumulate in a CD62L lo subset of the CD8 T cells (34) . We have recently shown that phase 2 pulmonary CD8 T cells are subdivided into CD62L hi and CD62L lo subsets (38) . After stimulation with soluble anti-CD3ε antibodies, cells positive for intracellular IFN-␥ were phenotyped as CD62L lo cells (38) . However, this approach cannot be used to localize in vivo-activated memory-effector cells to either subset, because in vitro stimulation downregulates CD62L during the assay period (38) . It was therefore crucial to sort the cells into CD62L hi and CD62L lo subsets before entering the assay. Results of such an assay are shown in Fig. 4 .
CD8 T cells present in phase 2 (3 months) pulmonary infiltrates during latent mCMV infection of the lungs were enriched from 7.5% to almost purity in a first step of immunomagnetic sorting. Reanalysis of the sorted cells revealed subpopulations of CD62L hi and CD62L lo cells (Fig. 4A) . The population was then subjected to immunomagnetic sorting with anti-CD62L-conjugated microbeads, and successful separation of the two subsets was verified by cytofluorometric reanalysis (Fig. 4B) . The purified CD62L
hi and CD62L lo CD8 T cells were then analyzed for effector function in CD3ε-redirected and IE1 peptide-specific IFN-␥-based ELISPOT assays (Fig.  4C) . It should be noted that the difference in procedures does not allow a direct frequency comparison between cells that have undergone single sorting (as in Fig. 3 ) and those that have undergone dual sorting. CD8 effector T cells were clearly found to be enriched in the CD62L lo subset, which implies that their activation resulted from contact with antigen in vivo. Notably, while CD62L hi cells revealed a significant difference in response to polyclonal and IE1-specific stimulation, which indicates the existence of several specificities in that subpopulation, CD62L lo cells were predominantly IE1 specific.
DISCUSSION
After resolution of productive infection of the lungs in a murine model of CMV pneumonia following syngeneic BMT, mCMV genome is maintained in lung tissue in a latent state for the life span of the recipients (27, 29, 53) . The establishment of latency is accompanied by persistence of elevated numbers of tissue-resident T cells (18, 38) . Notably, a significant proportion of interstitial CD8 T cells were found to display the phenotype of activated cells, as evidenced from the absence of cell surface L-selectin CD62L (38) . A recent report by Harrington et al. noted a characteristic change in the expression of surface O-glycans that differentiates between memory and effector CD8 T cells (14) and will likely help to further characterize the activation state of the persisting pulmonary CD8 T cells. Previous views have proposed that lung infiltrates mediate CMVassociated immunopathology (12, 13) , but the demonstration of a protective antiviral function of the persisting pulmonary CD8 T cells upon adoptive transfer in lethally infected indicator recipients led us to infer an antiviral immune surveillance function of these cells in the lungs of the latently infected donors. We proposed a concept of standby memory cells, which might serve to prevent reactivation of latent virus (38) . Indirect evidence in support of this hypothesis was provided by the demonstration of recurrent infection in the lungs after secondary immunoablative treatment performed either by ␥-irradiation (28, 53) or by selective depletion of CD8 T cells (40) .
What is the signal that causes memory T cells to persist at an extralymphoid tissue site, and what is the stimulus responsible for the perpetuation of an activated memory-effector phenotype in the absence of productive viral replication? The currently accepted view is that the maintenance of long-term memory does not depend on persistent antigenic stimulation. Specifically, memory CD8 T cells were shown to persist indefinitely in the absence of priming antigen, retain a CD44 hi memory phenotype (30), and express an increased level of Bcl-2, which is supposed to prolong survival by preventing apoptosis (11) . Most convincingly, Murali-Krishna et al. (37) have documented maintenance of memory CD8 T cells in MHC class I-deficient mice, which are unable to present antigenic peptides to CD8 T cells. Notably, memory cells in these mutant mice evolved an MHC class I-independent behavior in that they were capable of maintaining their numbers by homeostatic proliferation that does not involve signaling by MHC-TCR interaction. Nonetheless, these memory cells retained the ability to secrete cytokines upon reencountering the priming antigen. These findings are relevant to the interpretation of our data in that the presence of memory CD8 T cells is per se not an indication for the presentation of antigenic viral peptides during latency, and even the relative enrichment of CD3ε-reactive CD8 T cells in latently infected lungs could be explained by homeostatic proliferation, in particular since the absolute numbers had actually declined (Table 1) .
A slightly different view of T-cell memory was presented by Zinkernagel and colleagues (5, 25 ; for a review, see reference 26) , who emphasized the different requirements for the maintenance of elevated numbers of quiescent memory CD8 T cells homing in lymphoid tissues and the infiltration of peripheral nonlymphoid organs. While central memory in lymphoid tissues is independent of restimulation by antigen, a certain state of activation by persisting antigen is said to be needed by memory CD8 T cells to operate in nonlymphoid tissues. According to this view, the maintenance of an interstitial CD8 T-cell pool during mCMV latency in the lungs should require the presentation of antigenic peptides, in particular since a significant proportion of these cells displayed the CD62L lo phenotype of recently sensitized cells. It should be noted that our previous immunohistological analysis clearly documented that the persisting pulmonary CD8 T cells are localized in the lung parenchyma (38) , that is, at an extralymphoid site.
It is instructive to compare our model of pneumonia caused by a virus that establishes latent infection in the lungs with a model of pneumonia caused by a virus that is cleared after acute infection of the lungs. Notably, like in our phase 1 scenario of acute pulmonary infection with mCMV, Flynn et al. (10) described infiltration of the lungs by antiviral CD8 T cells during primary influenza virus pneumonia. However, after clearance of the primary infection, memory was established in the mediastinal lymph nodes, and it took the memory CD8 T cells 4 to 5 days to relocalize to the respiratory tract after a secondary influenza virus infection. We therefore conclude that the persistence of activated (CD62 lo ) tissue-resident CD8 T cells during latent mCMV infection indicates an iterative restimulation by viral peptides presented during latency.
A selecting force exerted by restimulation with viral peptides presented during mCMV latency is indicated by the finding that IE1 peptide-specific memory-effector cells were enriched in latently infected lungs to a higher degree than the memoryeffector cells defined by the CD3ε-redirected ELISPOT assay representing all specificities involved in the polyclonal response. Such a preferential enrichment predicted the existence of specificities that do not take part in the enrichment process. The M83 peptide represents an example of this category of mCMV antigens. Altogether, the CD62L lo phenotype of IE1-specific interstitial CD8 T cells along with their relative and absolute enrichment during latency indicates presentation of the IE1 peptide during latency in the lungs.
Viral transcription and protein synthesis are required for the presentation of antigenic peptides. It was therefore intriguing to find that correctly spliced transcripts of gene ie1, which codes for the IE1 peptide, can be detected by reverse transcriptase PCR in latently infected lungs (27) in the absence of further transcripts of the viral cycle, such as transcripts from genes ie3 and gB, specifying the essential transactivator protein IE3 (2, 32) and the virion envelope glycoprotein gB (41), respectively. However, despite a painstaking approach of screening hundreds of tissue sections from latently infected lungs, we have been unable to detect the intranuclear IE1 protein pp89 by sensitive immunohistology, and nor have we been able to detect naturally processed IE1 peptide with the IE1-CTLL in extracts from latently infected lungs (not shown). A likely reason for these failures is the very low frequency of transcriptional events during latency. Specifically, most viral genomes are transcriptionally silent during latency, and the ie1 transcription is focal and ephemeral, with a frequency of 10 foci, probably just 10 individual cells among ca. 60 million lung cells, at any point of time during latency (27, 28) . However, if such an inapparent presentation of the IE1 peptide were to occur during latency and iteratively restimulate the standby CD8 T cells over several months, the CD8-T-cell pool should build up apparent IE1-specific memory reflected by an increased frequency of IE1-specific memory-effector cells. The data presented here support this hypothesis.
It must be pointed out that latency-associated transcription is not necessarily restricted to the ie1 gene but may occur also from other parts of the viral genome, as suggested by representational difference analysis comparing transcription in latently infected lung tissue with that in normal lung tissue (H. W. Virgin IV, plenary lecture at the 7th International Cyto-megalovirus Workshop, Brighton, England, 1999). If these transcripts account for the presentation of antigenic peptide(s), memory cells with the corresponding specificity(ies) should coenrich with IE1-specific memory cells during latency. Our data show that there is sufficient space left for unidentified further antigen specificities represented in the pulmonary memory Tcell pool. Accordingly, the decline in the number of M83-specific CD8 T cells predicts that gene M83 is not expressed during latency. Experiments to test this prediction are under way.
The life-long maintenance of the latent viral genome is an obvious problem of the immune surveillance hypothesis. Why does persistent control by CD8 T cells not eventually result in the elimination of latently infected cells and, consequently, in clearance of the viral genome from the lungs? Previous work in this particular model of mCMV latency has estimated a load of ca. 5,000 viral genomes per 10 6 lung cells (53), or ca. 3 ϫ 10 5 viral genomes per lung. Even if we assume that the mechanism of the surveillance is the elimination of latently infected lung cells by the cytolytic function of CD8 T cells, there is currently no way to calculate the kinetics of the proposed clearance because the viral DNA copy number per cell and the rate of cell killing are not known. In addition, we must consider the possibility of replenishment by cell division and sterile viral DNA replication. Finally, control may be exerted via cytokines instead of by cytolysis. In short, this question remains unresolved. One argument against immune surveillance of latency is that the observed enrichment of IE1-specific memory-effector cells may simply reflect a latency-associated presentation of the IE1 peptide, with no causal involvement of CD8 T cells in the maintenance of molecular latency. We have indeed shown previously that only few foci of reactivation after immunoablative treatment proceed to productive infection, whereas most are arrested at earlier stages of viral gene expression (28) . On the other hand, the interstitial T cells are clearly not anergic, as can be inferred from their protective antiviral function upon adoptive cell transfer (38) and from their effector function in the cytolytic assay (38) and the IFN-␥-based ELISPOT assay (this report). Clearly, intrinsic molecular mechanisms and Tcell control may cooperate in the maintenance of latency.
Besides the key finding, our data have further implications. It had been a reasonable speculation that the prevalence of IE1-specific CD8 T cells in immunity to mCMV as well as hCMV may result from IE1 peptide presentation during latency (for a review, see reference 42) when presentation is not subverted by the immune evasion functions of E-phase proteins (for reviews, see references 15 and 58). However, since IE1-specific CD8 T cells were relatively immunodominant in phase 1 infiltrates during acute infection of the lungs (Fig. 3B) , presentation of the IE1 peptide during latency cannot be the only explanation for the immunodominance of IE1. It should be recalled that the original finding of the immunogenicity of the mCMV IE1 protein was made for CD8 T lymphocytes derived during acute intraplantar infection from the draining popliteal lymph node (45) . Thus, events during acute infection must already favor IE1 peptide-specific priming. Recent work by Hengel et al. (16) has suggested the importance of infected macrophages for efficient priming of the IE1 peptide-specific CD8 T-cell response. Notably, unlike the situation in fibroblasts, immunosubversive functions of the m152 and m06 Egene products gp40 (60) and gp48 (49) , respectively, were found not to be effective in productively infected macrophages. Accordingly, the IE1 peptide is presented in infected macrophages throughout the viral replication cycle. However, while this mechanism explains effective IE1-specific priming in vivo, it does not explain the immunodominance of IE1 because presentation of E-phase peptides should benefit too. Yet, as shown herein, the two currently known E-phase peptides m04 243 YGPSLYRRF 251 (19) and M84 297 AYAGLFTPL 305 (20) of mCMV were not significantly involved in the pulmonary CD8 T-cell response, neither during acute infection nor during latency. However, we caution against the conclusion that E-phase proteins are generally not relevant for the immune control of mCMV. We have shown previously for phase 1 pulmonary infiltrates that the IE1 peptide accounts for a minor part of the overall cytolytic CD8 T-cell activity and that infected fibroblasts are well lysed in the E phase (18) , even though the immunosubversive functions should be effective in fibroblasts during the E phase. Obviously, the relevant E-phase peptides remain to be identified. Work on immunity to influenza virus has revealed that immunodominance in class I-restricted CD8 T-cell responses can have multiple causes (8) . This is likely to apply also to mCMV.
Conclusion. An immune surveillance function of IE-specific CD8 T cells in CMV latency had been proposed when the immunogenicity of IE-phase proteins was discovered in 1984 for the example of mCMV (45) . The data presented here provide initial experimental evidence in support of this hypothesis.
